Stress-activated and mitogen-activated protein kinases (MAPKs) regulate gene expression by post-translational modifications of transcription factors. Elk-1, a transcription factor that regulates the expression of immediate early genes, is amenable to regulation by all the three mammalian MAPKs. In the present report, using inhibitors specific for different MAPK pathways, we show that during exposure of HeLa cells to heat stress, Elk-1 is SUMOylated with SUMO1 by p38 MAPK pathway-dependent mechanisms. Elk-1-phosphorylation levels were significantly reduced under similar conditions. We also show that transcriptional activity of Elk-1 as assessed by luciferase reporter expression and qPCR estimation of the expression of genes regulated by Elk-1 was downregulated upon exposure to heat stress; this downregulation was reversed when heat exposure was performed in the presence of either SB203580 (p38 MAPK inhibitor) or ginkgolic acid (inhibitor of SUMOylation). Elk-1 induced transcription is also regulated by PIAS2 which acts as a coactivator upon the activation of extracellular signal-regulated kinases (ERKs) and as a corepressor upon its phosphorylation by p38 MAPK. Since heat stress activates the p38 MAPK pathway, we determined if PIAS2 was phosphorylated in heat-stressed HeLa cells. Our studies indicate that in HeLa cells exposed to heat stress, PIAS2 is phosphorylated by p38 MAPK pathway-dependent mechanisms. Collectively, the results presented demonstrate that in heat-stressed HeLa cells, p38 MAPK pathway-dependent SUMOylation of Elk-1 and phosphorylation of PIAS2 correlate with the downregulation of transactivation by Elk-1.
Introduction
Exposure of cells to heat stress induces numerous deleterious effects which include denaturation and aggregation of proteins and enzymes, impairment of cytoskeletal structures, cell cycle arrest, and downregulation of macromolecular biosynthesis (Cuenda and Rousseau 2007) . Prolonged exposure to heat stress may also lead to cell death (Gu et al. 2014) . Cells exposed to heat stress elicit a wide variety of responses aimed at maintaining normal cellular homeostasis; these include the induction of heat shock proteins (Hsps) (Lindquist 1986) and upregulation of the ubiquitin-proteasomal system (Glickman and Ciechanover 2002) which work together in maintaining proteostasis. The response to various stressors is mediated by the activation of different mitogen-activated protein kinase (MAPK) pathways which profoundly affect numerous cellular functions (Pearson et al. 2001 ). In mammals, there are three MAPK pathways, (i) The extracellular signalregulated kinases (ERKs): mainly activated by growth factors and mitogens (McKay and Morrison 2007; Shaul and Seger 2007) , (ii) JUN amino-terminal kinases (JNKs): activated by ionizing radiation, osmotic stress, DNA damage, inflammatory cytokines as well as growth factors (Morrison 2012) , and (iii) p38 MAPKs: strongly activated by environmental stress and inflammatory cytokines (Rouse et al. 1994) . Central to the activation of all the MAPK pathways is a three-tiered signaling cascade. The cascade consists of MAPK kinase kinases (MKKKs), MAPK kinases (MKKs) and MAPKs. The first components activated in this module are the MKKKs, which in turn phosphorylate specific MKKs. Activated MKKs next phosphorylate specific MAPKs by dual phosphorylation of tyrosine and threonine residues in a conserved Thr-Xaa-Tyr (where Xaa is any amino acid) motif in the activation loop of kinase subdomain VIII (Cuenda and Rousseau 2007; Morrison 2012) . The p38 MAPK is activated by MKK3 and MKK6 and the JNK MAPK is activated by MKK4 and MKK7 (Cuenda et al. 1996; Cuenda et al. 1997) . Stressactivated MAPK pathways further activate downstream targets that include transcription factors, cytoskeletal proteins, protein kinases, translational machinery components, and glycogen synthase (Duncan and Hershey 1984; Knebel et al. 2001; Knebel et al. 2002; Kuma et al. 2004; Roux and Blenis 2004) .
It is now well established that covalent attachment of small ubiquitin-like modifier (SUMO) moieties to proteins also play an important role in the maintenance of cellular homeostasis during exposure to numerous extracellular stressors that include heat stress, DNA damage, viral infection, endoplasmic reticulum stress, nutrient limitation, and oxidative stress (Zhou et al. 2004; Guo and Henley 2014; Enserink 2015) . Stressinduced SUMOylation is thought to target spatially related substrates thereby influencing entire complexes/pathways. The effect of SUMOylation has been particularly well studied on the transcription machinery and has been shown to either activate or repress numerous transcription factors (Chymkowitch et al. 2015) . SUMO conjugation of proteins is a multistep process; in the first step, an adenylated SUMO moiety is attached to the E1 enzyme (a dimer consisting of Sae1 and Sae2) which is subsequently transferred to Ubc9 (E2 enzyme). Substrate SUMOylation takes place in the presence of an E3 enzyme which acts as a facilitator in the transfer of the SUMO moiety from Ubc9 to the substrate. In mammalian cells, there are numerous SUMO ligases, the best characterized of them are the PIAS (protein inhibitor of activated STAT) proteins (PIAS1, PIAS2 (PIASxα and PIASxβ), PIAS3 (PIAS3 and PIAS3L) and PIAS4 (PIASy and PIASyE6)). In addition to their SUMOligase activity, the PIAS proteins interact with and regulate the activity of a variety of other proteins particularly transcription factors (Rytinki et al. 2009 ).
Transcription factor Elk-1 (E twenty-six-like-1) is a downstream target of all the three MAPK pathways (Shaw and Saxton 2003) . It is a member of the ternary complex factor (TCF) subfamily of proteins under the ETS (E twentysix) domain transcription factor family and has been studied extensively since it regulates the transcription of immediateearly (IE) genes (Townsend et al. 1999; Vickers et al. 2004; Kasza et al. 2005) and is important in the context of various pathological conditions including cancer and neurological disorders. Like other TCFs, Elk-1 acts through a ternary DNAprotein complex with a dimer of SRF (Treisman 1994; Sharrocks 2002) . Elk-1 contains a C-terminal transcription activation domain (TAD/C domain) which is phosphorylated by ERK at multiple phosphorylation sites of which S383 plays an important role in the activation of Elk-1 (Gille et al. 1995; Janknecht et al. 1993; Marais et al. 1993) . Recent reports indicate that phosphorylation of multiple sites on Elk-1 proceeds with different rates classified as fast, intermediate, and slow; while phosphorylation of the fast and intermediate sites result in transactivation by Elk-1 that of the slow sites inhibits Elk-1 transcriptional activity (Mylona et al. 2016) . Elk-1 also contains a transcriptional repression (R) domain which is located N-terminal to the TAD domain; modification of the R motif by SUMOylation at K249 leads to repression of Elk-1 activity (Yang et al. 2003) . In addition, SUMOylation of Elk-1 is also modulated by the acetylation of Ubc9 where increased Ubc9-acetylation reduces its activity leading to a reduction in the SUMOylation levels of Elk-1 (Hsieh et al. 2013 ). In the uninduced state, Elk-1 is SUMOylated and remains as a complex with PIAS2 and HDAC2 and is localized to Elk-1 responsive promoters. The recruitment of HDAC2 to Elk-1 promoters is facilitated by the SUMOylation of Elk-1 which leads to the repression of Elk-1 mediated transcription. Upon activation of the ERK pathway, Elk-1 is phosphorylated by ERK and is deSUMOylated in a PIAS2 and SENP1 (SUMO-specific protease)-dependent manner which leads to the loss of HDAC2 from the complex and consequent activation of Elk-1-dependent transcription (Yang and Sharrocks 2005; Witty et al. 2010 ). PIAS2 thus acts as a coactivator of Elk-1-dependent transactivation. In contrast, anisomycin (activator of both JNK and p38 MAPKs) induces phosphorylation of PIAS2 at S113 and S116, which in turn inhibits the loss of SUMO and HDAC2 from Elk-1 thus inhibiting its transcriptional activity (Yang and Sharrocks 2006) . Elk-1 has also been shown to be ubiquitinated; however, the role of Elk-1-ubiquitination vis à vis its phosphorylation and SUMOylation remains unknown (Teixeira et al. 2013) . In addition to the mechanism of regulation of Elk-1 activity as described above, it is also regulated by alternative mechanisms in prostate cancer cells wherein the androgen receptor binds to the ERK-binding site (D domain, located between the R and TAD domains) of Elk-1 and induces the expression of genes that support cancer cell growth (Rosati et al. 2016) .
To identify mechanisms that regulate gene expression under stress conditions, we isolated Saccharomyces cerevisiae mutants that could maintain reporter gene expression in cells exposed to heat stress. Subsequent subtractive hybridization cloning of genes that were overexpressed in a mutant led to the cloning of a number of genes including SIZ1 (E3 SUMO ligase; unpublished data from this laboratory). Following up on the above observation, we have investigated if and how SUMOylation influences gene expression in mammalian cells exposed to heat stress. Since MAPK pathways are among the first responders to heat stress in mammalian cells, we decided to investigate if stress signaling and consequent stress-induced gene expression are influenced by SUMOylation of MAPK pathway components and its downstream effectors. Our studies show that Elk-1-SUMOylation is increased and its phosphorylation is decreased in Hela cells exposed to heat stress. The increase in SUMOylation of Elk-1 is dependent on the p38 MAPK pathway and correlates with the loss of Elk-1-mediated transactivation. We further show that under conditions as indicated above, the p38 MAPK pathway induces phosphorylation of PIAS2 which has been reported to repress Elk-1 activity. The present study thus provides a framework for understanding as to how the p38 MAPK pathway regulates Elk-1 activity during exposure to heat stress.
Methods
Cell culture, plasmids, transfection, and experimental treatments ). For each experiment, HeLa cells transfected with pEZ-M06 were grown to 70-80% confluence and then exposed to treatments as indicated below. Hereafter, HeLa cells transfected with SUMO1 and SUMO2 expressing plasmids are referred to as HeLaS1 and HeLaS2 cells respectively. For PIAS2 phosphorylation assays, HeLa cells were transfected with pEZ-M14 vector (expressing PIAS2-3xFLAG from the CMV promoter; neomycin selection; Genecopoeia Cat. No. EX-I0268-M14) as per protocol described above.
Before exposure to heat, cells were serum starved for 18 h and subsequently treated with the following inhibitors, 10 μM SB203580 (p38 MAPK inhibitor), 10 μM U0126 (ERK kinase inhibitor) and 10 μM SP600125 (JNK inhibitor) for the following time periods: 60 min for immunoprecipitation (IP) and western blotting, 6 h for reporter gene assay, and 120 min for qPCR. For phorbol myristate acetate (PMA) and anisomycin treatment, serum-starved cells were treated with 10 nM PMA or 250 ngml −1 anisomycin for the following time periods: 60 min for IP and western blotting and 6 h for reporter gene assay. Alterations to the above are indicated in the Bresults^section. For heat exposure, 2.1 × 10 6 cells were plated in T75 flasks for IP and western blotting, 1 × 10 4 cells were plated in 96 well plates for reporter gene assay and 0.3 × 10 6 cells were plated in 6 well plates for extraction of RNA for qPCR; all cultures were grown to 70-80% confluence before exposure to heat as indicated above. Heat exposure was carried out by incubating cultures in the incubator set at the required temperature. Cultures reached 42°C and 45°C within 3 and 7 min of incubation respectively at the desired temperature.
Immunoprecipitation, phosphatase treatment, and western blotting
Harvested cells were washed with ice-cold phosphate buffered saline (PBS) containing 10 mM N-ethylmaleimide (NEM) and lysed in lysis buffer (50 mM Tris-HCl (7.8), 150 mM NaCl, 5 mM EDTA, 15 mM MgCl 2 , 0.5% NP-40, 0.3% Triton X-100, 1 mM DTT, 1:200 phosphatase inhibitor cocktail (Thermo), 10 mM NEM). The lysate was centrifuged at 15000 rpm for 20 min at 4°C and the supernatant was collected. 1 mg of supernatant protein was used for immunoprecipitation (IP). IP was carried out by standard protocol using 1 μg of the indicated antibody and Protein A-Sepharose beads (Cavigelli et al. 1995) . The beads were washed three times with the lysis buffer, SDS PAGE sample loading buffer was then added and boiled for 5 min, and proteins were resolved by SDS PAGE. For phosphatase treatment, the cell extract or immunoprecipitated was treated with 200 unit of λ phosphatase (Sigma Cat. No. P9614) for 30 min at 30°C in buffer supplied by the manufacturer prior to the addition of SDS PAGE sample loading buffer.
Western blotting was performed by standard procedure. Antibodies used were anti-HA antibody (Ab) (Life Technologies 715,500, 1:1000), anti-SUMO1 Ab (Abcam ab49767, 1 μgml Reporter gene assay pEGR-1-Luc expressing the firefly luciferase gene under the control of the EGR-1 promoter was used for reporter gene assay. pSV β-Galactosidase (Promega) Control Vector was used as a control for transfection. For luciferase and β-galactosidase assay, HeLa cells were co-transfected with 0.5 μg of pEGR-1-Luc and 0.25 μg of pSV-β-galactosidase. After treatment as mentioned above, cells were harvested and processed for luciferase and β-galactosidase assay. Luciferase assays were performed with firefly luciferase assay kit (Thermo) according to the instructions of the manufacture, and β-galactosidase assay was carried out as described in Uchil et al. 2017 . Light emission was measured for 10 s with SYNERGY/H1 microplate reader, Biotek.
mRNA estimation by reverse transcription followed by qPCR RNA was extracted from HeLaS1 cells with TRIZOL reagent (Ambicon 15596-026) according to the instruction of the manufacturer. The purified RNA was treated with DNAse (Nucleo-pore) at 37°C for 45 min and its concentration was quantified using μDrop reader (Thermo scientific MULTISKAN GO). RNA integrity was checked by running 2 μl of purified RNA on a 1% agarose gel and 28S:18S rRNA band intensity ratio was found to be 2:1. A PCR was done with the purified RNA using 18S rDNA gene-specific primers to check for genomic DNA contamination following which cDNA was prepared from 5 ng of RNA using Verso cDNA synthesis kit (Thermo scientific AB-1453/A) according to the instruction of the manufacturer. qPCR was performed on a CFX connect real time system (Bio-Rad), using the DyNAmocolor flash SYBR green qPCR kit (F416 L Thermo scientific). Each reaction was performed in duplicate, in a total reaction volume of 20 μl. The cycling program (35 cycles) was set as follows: initial denaturation and DNA polymerase activation (95°C for 7 min), denaturation (95°C for 10s), annealing (55°C for 30s), and extension (72°C for 30s). Relative quantification and normalization were performed with Bio Rad CFX Manager 3.1. Primer sequences were as described in Table 1 . The specificity of the primers was checked by using Primer-BLAST software (NCBI) and by performing PCR with individual primers and inspecting the amplicon length by gel electrophoresis. All data were normalized to the levels of 18S rRNA (measured by reverse transcription followed by qPCR) before comparison and statistical analysis.
Statistical analysis
Computations were done with the PRISM (ver. 5.0) software (GraphPad Software, LaJolla, CA, USA). For all data, oneway ANOVA followed by the Tukey's HSD post hoc test was used to determine significant differences between groups.
Results

Elk-1 SUMOylation is increased in heat stressed HeLa cells
To elucidate if and how SUMOylation regulates stressactivated MAPK pathways and their downstream effectors, 
we first determined the SUMOylation states of MAPKKKs, MAPKKs, and MAPKs in extracts prepared from HeLa cells either exposed to heat stress at 42 and 45°C for 1 h or left untreated. None of the signaling molecules examined namely, TAOK1, ASK1 and MEKK1 (MAPKKKs), MKK3 and MKK6 (MAPKKs) and p38, and JNK and ERK (MAPKs) were found to be SUMOylated prior to or following exposure to heat stress (data not shown). We next examined SUMOylation states of transcription factors downstream of MAPK pathways. Numerous transcription factors downstream of MAPK pathways are known to be SUMOylated however, only Elk-1 has been shown to be SUMOylated by p38 MAPK dependent mechanisms. We hence determined if Elk-1 was SUMOylated during exposure to heat stress. Endogenous Elk-1 was immunoprecipitated with anti-Elk-1 Ab from extract prepared from HeLaS1 and HeLaS2 cells that were exposed to heat stress at 42°C or 45°C for 1 h or left untreated (untreated control). Immunoblotting with anti-HA Ab showed that in HeLa cells exposed to 45°C Elk-1 was SUMOylated with SUMO1 ( Fig. 1a) and not with SUMO2 (Fig. S1a) . Elk-1-SUMO1 species was not observed in cells exposed to 42°C. To further confirm that Elk-1 is S U M O y l a t e d i n h e a t s t r e s s e d H e L a c e l l s , w e immunoprecipitated HA-SUMO1 with anti-HA Ab from extracts prepared from cells treated as indicated above; subsequent immunoblotting with anti-Elk-1 Ab showed that Elk-1 was SUMOylated in HeLaS1 cells heat-treated at 45°C for 1 h ( Fig. 1b ; uncropped image to show additional SUMOylated proteins precipitated by the anti-HA Ab in Fig. S1 ). The absence of any heat-induced Elk-1-SUMO1 bands in extracts prepared from cells treated with 50 μgml −1 ginkgolic acid (an inhibitor of SUMOylation (Fukuda et al. 2009 )) prior to heat exposure further confirmed that Elk-1 is SUMOylated in heat stressed HeLaS1 cells (Fig. 1 a, b) . In our assays, basal SUMOylation of Elk-1 was not observed consistently; in some assays, low levels of basal Elk-1-SUMO1 were observed (Fig. S2a) . SUMOylation of Elk-1 in HeLa cells exposed to 45°C for 1 h is noteworthy since under similar conditions global SUMOylation of proteins by both SUMO1 and SUMO2/3 was lower as compared to that observed in the unexposed control and in cells exposed at 42°C for 1 h (Fig. S2b) . In agreement with earlier observations (Saito and Hinchey 2000) , our results also show that more proteins were SUMOylated by SUMO2/3 as compared with SUMO1 during exposure to moderate heat stress (42°C lane in Fig. S2b ).
Since phosphorylation of Elk-1 by the ERK pathway leads to activation of its transcriptional activity, we also determined the phosphorylation state of Elk-1 in heat-stressed HeLaS1 cells by western blotting using anti-phospho-Elk-1 Ab. Elk-1-phosphorylation was significantly reduced in HeLaS1 cells exposed to conditions as indicated in Fig. 1c . Thus, in heatstressed HeLaS1 cells, Elk-1 was SUMOylated and dephosphorylated.
All subsequent heat exposure studies were carried out with cells expressing HA-SUMO1 (or as indicated) at 45°C since (i) SUMOylation levels of Elk-1 in HeLa cells exposed at 45°C was consistently and significantly higher as compared with the unexposed control (p < 0.001), (ii) Elk-1 was SUMOylated by SUMO1, and (iii) Elk-1 phosphorylation was lower in HeLa cells exposed to similar conditions.
Heat stress-induced SUMOylation of Elk-1 is dependent on the p38 MAPK pathway
Since Elk-1 is a target of ERK and stress-activated MAPKs, we examined if the increase in SUMOylation of Elk-1 in response to heat stress is dependent on the activation of MAPK pathways and specifically on which MAPK pathway. To elucidate this, we first determined if MAPK pathways were activated in response to heat stress in our experimental system. HeLaS1 cells were either treated with inhibitors of MAPK pathways, 10 μM SB203580 (p38 inhibitor), 10 μM U0126 (ERK inhibitor), and 10 μM SP600125 (JNK inhibitor) for 60 min prior to heat treatment and were then exposed to heat stress at 45°C for 1 h or left untreated (control). Cells were also treated with PMA (ERK activator) and anisomycin (p38 and JNK activator) as positive controls. Western blotting analysis of extracts prepared from heat-stressed cells treated as indicated above showed an increase in phospho-p38 level in heattreated cells; phospho-p38 was undetectable in cells treated with SB203580 prior to exposure to heat stress. This confirmed activation of the p38 MAPK pathway on exposure to heat stress. Treatment with anisomycin (positive control) showed an increase in both phospho-p38 and phospho-JNK levels. Heat exposure of HeLa cells treated with either ERK or JNK inhibitors (U0126 and SP600125 respectively) or with the ERK activator PMA did not show any alterations in phospho-p38 levels. ERKs and JNKs thus did not influence phosphorylation of p38 MAPK in heat stressed HeLaS1 cells. Western blotting with anti-p38 Ab showed relatively similar level of p38 protein in all conditions. Phospho-JNK and phospho-ERK levels were also assessed in extracts prepared from cells treated to similar conditions. Phospho-JNK levels increased on exposure to heat stress which decreased in presence of the JNK inhibitor SP600125. We did not observe any increase in phospho-ERK level on exposure to heat stress; it was however increased on PMA treatment (positive control). Results presented in Fig. 2 thus demonstrate activation of p38 and JNK MAPK pathways in HeLa S1 cells exposed to heat stress.
We next determined which MAPK pathway was involved in the SUMOylation of Elk-1 (Fig. 1) . Elk-1 was immunoprecipitated with anti-Elk-1 Ab from extracts prepared from heat-stressed HeLaS1 cells; subsequent immunoblotting with anti-HA Ab showed that Elk-1 was SUMOylated in heat stressed HeLaS1 cells. However, in cells treated with SB203580 prior to exposure to heat stress, SUMOylation of Elk-1 was undetectable (Fig. 3a) . Similar treatment with U0126 and SP600125 did not inhibit heat induced SUMOylation of Elk-1 (Fig. 3a) . Precipitation of HAa IP: Elk-1; IB: HA carried out with anti-HA Ab and immunodetection with anti-Elk-1 and anti-HA Abs. c Elk-1 phosphorylation levels. Elk-1 phosphorylation levels in HeLaS1 cells exposed to conditions as indicated in the figure was determined in 30 μg whole cell extract by western blotting using antiphospho-Elk-1 and anti-Elk-1 Abs. All experiments were performed in triplicates and band intensities were estimated using BioRad Image Lab 5.2.1 and Image J software. Data are represented as mean ± SEM of triplicate experiments. ***p < 0.001 relative to control and heat exposed groups was determined by one-way ANOVA followed by adjustment for multiple comparisons using Tukey's test SUMO1 from extracts prepared from cells treated as indicated above with Anti-HA Ab followed by western blotting with anti-Elk-1 Ab showed essentially similar results (Fig. 3b , an uncropped image in Fig. S3 ). This further substantiated our conclusion (Fig. 3a) that Elk-1 is SUMOylated by p38 MAPK pathway-dependent mechanisms during exposure to heat stress. Cells exposed to heat stress in the presence of either U0126 or SP600125 did not show any decrease in heatinduced SUMOylation of Elk-1 thus ruling out the possible involvement of the ERK and JNK pathways in SUMOylating Elk-1. PMA was used as a negative control in both the experiments since the activation of the ERK pathway by PMA has been shown to deSUMOylate Elk-1 (Yang et al. 2003) . Collectively, the results presented above demonstrate that heat stress-induced SUMOylation of Elk-1 was dependent on the p38 MAPK pathway.
Elk-1-induced reporter gene expression was downregulated under heat stress by p38 MAPK pathway-dependent mechanisms and by SUMOylation
SUMOylation causes both activation and repression of transcription. Activation of the p38 MAPK pathway by anisomycin has been shown to dampen the induction of immediate early gene expression by Elk-1 (Yang and Sharrocks 2006) . Since heat stress also activated p38 MAPK pathway and induced Elk-1-SUMOylation, we investigated the transcriptional activity of Elk-1 in response to heat stress. HelaS1 cells were co-transfected with pEGR-1-Luc plasmid (expressing luciferase under the control of the Elk-1 responsive egr1 promoter) and pSV-β-galactosidase plasmid (transfection control). Heat treatment of the transfected cells Heat stress activates p38 MAPK pathway. 30 μg of extract prepared from HelaS1 cell exposed to 45°C for 1 h was used to detect proteins as indicated in the figure by western blotting with appropriate Abs. 60 min prior to heat treatment HeLaS1 cells were treated with the following inhibitors at a concentration of 10 μM: SB, p38 inhibitor SB203580; U0, ERK inhibitor U0126; and SP, JNK inhibitor SP600125. PMA (ERK pathway activator) and anisomycin (activator of p38 and JNK pathways) were used as positive controls at a concentration of 10 nM and 250 ngml −1 respectively for 60 min. M/kD migration of prestained molecular weight markers is indicated. Data was quantified by first normalizing the band intensities of both phosphoprotein and protein with that of β-actin followed by calculating the ratio of phosphoprotein:protein band intensities. C unexposed control and H Heat stress at 45°C for 1 h. Results are shown as average ± SEM of triplicate experiments. One-way ANOVA followed by adjustment for multiple comparisons was performed using Tukey's test. *p < 0.05 and **p < 0.01; p values are relative to the control at 45°C for 1 h showed reduced luciferase activity relative to the unexposed control. In cells treated with either SB203580 or ginkgolic acid prior to heat stress, luciferase activity was similar to that observed in the unexposed control (Fig. 4a) . Exposure to SB203580 alone, however, did not have any effect on the basal activity of luciferase thus ruling out the possibility that inhibition of p38MAPK can induce the expression of Elk-1 responsive genes. Since luciferase is a thermolabile enzyme we also carried out luciferase assays with cells that were allowed to recover for 6 h at 37°C in the presence of cycloheximide (20 μgml −1 ) following exposure at 45°C for 1 h to allow for possible renaturation of heat-inactivated luciferase during the recovery period. Results (Fig. 4b) were essentially similar to those observed when luciferase was assayed immediately following exposure to heat stress (Fig. 4a) ; we did, however, observe a slight increase in luciferase activity in cells allowed to recover from heat stress (Fig. 4b) . We further assessed luciferase mRNA levels in total RNA isolated from cells exposed to condition used for luciferase activity assay by reverse transcription followed by qPCR. Luciferase mRNA levels were reduced in heat-stressed cells which were restored to control levels in cells treated with either SB203580 or ginkgolic acid before exposure to heat stress (Fig. 4c) . β-galactosidase activity was estimated in the same cell extracts used for luciferase assay to determine transfection efficiency which was found to be equal in all the groups (Fig. 4d) . Expression of luciferase from pEGR-1-Luc plasmid (as estimated by luciferase activity and mRNA levels) was thus reduced in heatstressed cells. Both luciferase activity and mRNA levels were restored to control levels in heat-stressed cells when heat exposure was carried out in cells pretreated with either SB203580 or ginkgolic acid. Since Elk-1 is SUMOylated in response to heat stress by p38MAPK dependent mechanisms (Fig. 1) , it is reasonable to conclude that SUMOylation of Elk-1 in heat-stressed cells is associated with the downregulation of luciferase expression in heat stressed HeLaS1 cells. blotting with anti-Elk-1 and anti-HA Abs. C unexposed control and H Heat stress at 45°C for 1 h. Band intensities were estimated using BioRad Image Lab 5.2.1 and ImageJ software. Data are represented as mean ± SEM of triplicate experiments. ***p < 0.001, relative to control was determined by one-way ANOVA followed by adjustment for multiple comparisons using Tukey's test. M/kD, migration of pre-stained molecular weight markers is indicated PMA-activated expression of Elk-1 responsive IE genes was downregulated under heat stress by p38 MAPK pathway-dependent mechanisms and by SUMOylation
To further study the relationship between heat stress-induced SUMOylation of Elk-1 and its transcriptional activity within cells in real time, we measured mRNA levels of Elk-1 responsive IE genes (srf, mcl1, and cfos) in HeLaS1 cells exposed to heat stress. Reverse transcription followed by qPCR indicated that mRNA levels of the IE genes were too low to study further regulation of their expression under heat stress (Fig.  S4 ). Given the above, the expression of IE genes was induced for the last 30 min of heat stress at 45°C by the addition of Fig. 4 Elk-1 induced expression of luciferase reporter under heat stress. a Luciferase reporter gene expression in HelaS1 cells cotransfected with pEgr1-luc and pSV-β-Galactosidase. Elk-1 induced expression of luciferase was estimated by measuring luciferase activity in lysates prepared from HeLaS1 cells cotransfected with pEgr1-luc and pSV-β-Galactosidase and exposed to conditions as indicated in the figure. Luciferase activity was estimated with the firefly luciferase assay kit (Thermo) according to the instruction of the manufacture. b Elk-1 induced expression of luciferase reporter under heat stress. Assays were carried exactly as indicated in legend to Fig. 4a except that the cells were allowed to recover for 6 h at 37°C in the presence of 20 μgml −1 cycloheximide following exposure to heat stress at 45°C for 1 h. c Reverse transcription followed by qPCR analysis of luciferase mRNA levels in extracts prepared from HeLa cells treated or untreated with heat in the presence or absence of inhibitors as indicated in the figure. Primers used in the experiment with their sequences are listed in Table 1 . d β-galactosidase assay (transfection control): β-galactosidase activity was measured by the procedure of Uchil et al. 2017 in the same extract used for measuring luciferase activity. For all the above experiments, three independent experiments were carried out in duplicates and data are shown relative to control which was taken to be 1. C unexposed control, H Heat stress at 45°C for 1 h, SB indicates cells treated with SB203580 alone, the other abbreviations are as indicated earlier. *p < 0.05, **p < 0.01, and ***p < 0.001 relative to heat exposed cells was determined by one-way ANOVA followed by adjustment for multiple comparisons using Tukey's test PMA to a final concentration of 10 nM; for the unexposed control, PMA was added to the culture 30 min prior to cell harvesting (Fig. 5a) . mRNA levels of all the three IE genes were increased in PMA treated cells as compared to the untreated control (Fig. 5b) . PMA-induced increase in the mRNA levels of IE genes was significantly reduced when it was added during exposure to heat stress (30 min into the heat stress protocol of 45°C for 1 h). Treatment of cells with either SB203580 or ginkgolic acid prior to exposure to heat stress restored the expression levels of the IE gene examined to that observed in cells treated with PMA alone (Fig. 5b) . Inhibition of the p38MAPK pathway in unexposed control cells by treatment with SB203580 did not induce the expression of the IE genes thus ruling out the possibility that SB203580 exposure induced the expression of the IE genes (Fig. 5b) . Results presented thus indicate that treatment of HeLaS1 cells with either an inhibitor of the p38MAPK pathway or with an inhibitor of SUMOylation before exposure to heat stress restores PMAinduced IE gene expression to near control levels. It is well established that the expression of IE genes is regulated by Elk-1, and that Elk-1 is SUMOylated in response to heat stress (Fig. 1) . We thus concluded that SUMOylation of Elk-1 is concomitant with the downregulation of PMA-induced expression of IE genes in heat stressed HeLaS1 cells. Since mRNA levels of IE gene were estimated in cells where both the ERK and p38 MAPK pathways were operative, we further determined the SUMOylation state of Elk-1 in extracts prepared from cells exposed to conditions as in Fig. 5b . Elk-1-SUMO1 species was only detected in cells exposed to heat and PMA (Fig. S5 ) thus further demonstrating that downregulation of Elk-1 activity is concomitant with its SUMOylation. We also determined the mRNA level of both A20 and β-Actin genes, which are not under the transcriptional regulation of Elk-1. No change in mRNA level of A20 and β-Actin was found in cells exposed to conditions as indicated in Fig. 5b . The down-regulation of mRNA levels of Elk-1 responsive IE genes in heat-stressed cells was thus not a general effect of exposure to heat stress.
Expression of Elk-1 responsive genes in heat-stressed HeLa cells in the absence of activation by PMA Since the above experiment was carried out under conditions were the expression of IE genes was artificially activated by PMA, we further examined the expression of genes encoding general transcription factors namely, TATA-box binding protein (TBP), TBP associated factor 1 (TAF1), TAF2, TAF7, general transcription factor IIA subunit 1 (GTF2A1), GTF2B, pre-mRNA splicing factor viz. small nuclear ribonucleoprotein polypeptide B (SNRPB), LAS1-like ribosome biogenesis factor (LAS1L), and E74 like ETS transcription factor 2 (ELF2) under conditions as indicated in Fig. 6 . Elk-1 binds to the promoters of all the genes indicated above and in addition has been shown to Table 1 . H Heat stress at 45°C for 1 h and C untreated control, the other abbreviations are as indicated earlier. Data (normalized to 18S rRNA levels) are represented as mean ± SEM of triplicate experiments. ***p < 0.001 relative to control was determined by one-way ANOVA followed by adjustment for multiple comparisons using Tukey's test activate the expression of TBP, TAF1, TAF2, TAF7, GTF2A1, and GTF2B (Boros et al. 2009 ). The expression of all the genes indicated above except for TBP and LAS1L was downregulated upon exposure to heat stress which was restored to control levels when cells were treated with either SB203580 or ginkgolic acid prior to heat exposure at 45°C for 1 h. Data presented thus far (Figs. 1, 2, 3, 4, 5 and 6) demonstrate that heat stress-induced downregulation in the mRNA levels of Elk-1 responsive genes is concomitant with increased SUMOylation of Elk-1.
Heat stress-activated p38 MAPK pathway induces PIAS2 phosphorylation PIAS2 is a member of PIAS family of proteins. It contains a RING finger motif, a SAP domain, and a SUMO binding motif. PIAS2 both activates and represses transcriptional activity of Elk-1 depending on the MAPK pathway that has been activated. We were thus interested to examine if heat stress-mediated activation of p38 MAPK causes phosphorylation of PIAS2, which may be a cause for the inhibition of the transcriptional activity of Elk-1. Exposure of HeLa cells expressing PIAS2-3x-FLAG to heat stress resulted in the appearance of a band of lower mobility that was recognized by anti-PIAS2 Ab (Fig. 7) . To examine if the lower mobility band is the phosphorylated form of PIAS2, we treated extracts prepared from heat-exposed cell with λ-phosphatase prior to western analysis with anti-PIAS2 Ab. λ-phosphatase treatment caused disappearance of the slower mobility PIAS2 band, thus confirming that the upward-shifted P I A S 2 b a n d w a s i t s p h o s p h o r y l a t e d f o r m . T h e phosphorylated-PIAS2 band was also not observed in extracts prepared from cells treated with SB203580 prior to exposure to heat stress which indicated that PIAS2 was phosphorylated by p38 MAPK dependent mechanisms. Treatment of cells with U0126 or SP600125 prior to heat exposure showed the presence of phosphorylated form of PIAS2, phosphorylation of PIAS2 was thus not influenced by either the JNK or ERK pathway. We further confirmed the data described above by immunoprecipitation of PIAS2 with anti-PIAS2 Ab from extracts prepared from cells exposed to conditions as indicated above followed by blotting and immunodetection using anti-PIAS2 Ab; where indicated the immunoprecipitate was treated with λ-phosphatase or cells were treated with SB203580 prior to exposure to heat stress. PIAS2 was found to be phosphorylated in heat stress HeLa cells by p38 MAPK dependent mechanisms ( play an important role in complex formation with PIAS2 (Yang and Sharrocks 2005) . The interaction between PIAS2 and Elk-1 is important for regulating transactivation by Elk-1 since PIAS2 can act as both a coactivator and a corepressor for Elk-1 depending on the MAPK pathway that is active in the cell. We further investigated if there was any alteration in the interaction between PIAS2 and Elk-1 during heat stress. PIAS2-Elk-1 interaction was studied by coimmunoprecipitation of PIAS2 and Elk-1 with anti-Elk-1 Ab. IP of Elk-1 with anti-Elk-1 antibody followed by western blotting with anti-PIAS2 Ab did not show any difference in the interaction of PIAS2 and Elk-1 in control and heat-treated cells (Fig. S7) . Although p38 MAPK pathway induces phosphorylation of PIAS2 and SUMOylation of Elk-1 during exposure to heat stress with concomitant inhibition of Elk-1 activity, it does not affect the interaction between Elk-1 and PIAS2.
Discussion
All cells respond to heat stress by a general downregulation of cellular transcriptional activity, only a small set of genes including those coding for Hsps are induced during exposure to heat stress. A recent study in Mouse Embryonic Fibroblasts indicates that under heat shock conditions at 42°C~1500 genes are induced and~8000 genes are downregulated (Mahat et al. 2016) . The regulation of gene expression by SUMOylation is particularly significant in the above context. It is well established that global protein SUMOylation is induced upon exposure to a wide variety of stressors and that it profoundly affects cellular transcriptional activity. anisomycin as indicated in legend to Fig. 2 were used to determine phosphorylation of PIAS2 by western blotting using anti PIAS2 antibody. Where indicated the extract from heat treated cells was treated with λ phosphatase (λ-Pase) before adding SDS PAGE loading buffer. Quantification for increase in phosphorylation of PIAS2 was done by determining the ratio of the intensity of the phosphorylated PIAS2 to unphosphorylated PIAS2. Data are represented as mean ± SEM of four independent experiments. Abbreviations are as indicated earlier. ***p < 0.01 relative to heat exposed group was determined by one-way ANOVA followed by adjustment for multiple comparisons using Tukey's test downregulated by SUMOylation (Chymkowitch et al. 2015) . Of the above, the SUMOylation of Elk-1 has been shown to be dependent on the p38 MAPK pathway. Here we report on the effects of heat stress on transcription factor Elk-1. Specifically, we have addressed covalent modifications of Elk-1 during exposure to heat stress and have also determined the effect of heat stress on transactivation by Elk-1.
Transcription factor Elk-1 has been extensively studied since it activates the expression of IE genes in response to growth factors and other stimuli. In addition, it is expressed that various cancer tissues (www.proteinatlas.org/ ENSG00000126767-ELK1/pathology) are linked to longterm memory potentiation (Besnard et al. 2011) , drug addiction (Sillivan et al. 2013) , and depression (Lindecke et al. 2006) . Elk-1 has been shown to bind to the promoters of nearly 1000 genes that include IE genes and genes encoding components of basal transcription machinery, spliceosome complex components, and ribosomal proteins. Regulation of Elk-1 activity under heat stress may thus partly account for the effects of heat stress on gene expression.
Our studies demonstrate that in HeLa cells exposed to 45°C for 1 h Elk-1 is SUMOylated by SUMO1 (Fig. 1a,  b) . Elk-1-phosphorylation was reduced under similar conditions (Fig. 1c) . Elk-1-SUMOylation by SUMO1 at 45°C is significant, since under similar conditions, global SUMOylation is decreased as compared to the unexposed control and to cells exposed to moderate heat stress at 42°C (supplemental Fig. 2b ). MAPK pathways regulate Elk-1 activity by inducing two posttranslational modifications of Elk-1 namely phosphorylation and SUMOylation which are critically dependent on the MAPK pathway that has been activated. We used inhibitors specific to all the three MAPK pathways to elucidate the possible involvement of a specific MAPK pathway in the heat-induced SUMOylation of Elk-1. Results presented demonstrate that Elk-1 is SUMOylated in heat-stressed HeLaS1 cells by p38 MAPK pathway-dependent mechanisms since Elk-1-SUMOylation was inhibited by SB203580 (p38 MAPK inhibitor) and not by inhibitors of ERKs and JNKs.
Studies on the functional aspects of Elk-1 under heat stress indicated downregulation of Elk-1-dependent luciferase reporter expression in HeLaS1 cells exposed to 45°C for 1 h. The downregulation of luciferase activity in heat-stressed HeLaS1 cells was dependent on the activation of p38 MAPK pathway and on the SUMOylation pathway since treatment with either p38 inhibitor (SB203580) or with ginkgolic acid (inhibitor of SUMOylation) prior to heat stress restored Elk-1 activity as measured by reporter (luciferase) activity and mRNA levels (Fig. 4a, c) . We also estimated mRNA levels of Elk-1-responsive IE genes and found that PMA-activated expression of IE genes was downregulated upon exposure to heat which was restored to near control levels when heat stress was carried in cells treated with either SB203580 or ginkgolic acid. Since the expression of the IE genes was examined in cells treated with PMA, we further examined the expression levels of genes encoding components of the basal transcription machinery, a splicing factor, and a ribosomal biogenesis factor. Of the nine genes examined, the expression of seven genes was downregulated under heat stress; this downregulation was reversed when cells were heat-stressed in the presence of either SB203580 or ginkgolic acid. The expression of TBP and LAS1L mRNA levels that was not downregulated during heat stress may be regulated by additional mechanisms; it is well established that TFIID is necessary for the expression of HSF1 induced genes. It is pertinent to indicate that the modulation of Elk-1 activity during heat stress is different from that observed upon activation of the p38 MAPK pathway by anisomycin (Yang and Sharrocks 2006; Boros et al. 2009 ). Our observations are consistent with stress specific modulation of p38 MAPK activity (Ferreiro et al. 2010; Faust et al. 2012 ). Elk-1-induced transcription is also regulated by PIAS2 which acts as a coactivator upon activation of the ERK pathway and as a corepressor upon activation of the p38 MAPK pathway. Our studies indicate that in HeLa cells exposed to heat stress PIAS2 is phosphorylated by p38 MAPK pathway-dependent mechanisms.
Given the following:
(i) In heat stressed HeLa cells, Elk-1 was SUMOylated and dephosphorylated with concomitant downregulation of its activity. The above (Elk-1 SUMOylation and downregulation of its activity) was reversed when cells were treated with either SB203580 or ginkgolic acid prior to heat exposure (Figs. 4 , 5, and 6) and (ii) PIAS2 is phosphorylated in heat stressed HeLa cells by p38 MAPK pathway-dependent mechanisms (Fig. 7) , we conclude that SUMOylation of Elk-1 and phosphorylation of PIAS2 by p38MAPK pathway-dependent mechanisms in heat-stressed HeLa cells is associated with the downregulation of transactivation by Elk-1. Since Elk-1 binds to the promoters of nearly 1000 genes, it is conceivable that the downregulation of Elk-1 activity under conditions of heat stress may partly account for the general downregulation of transcription during exposure to the indicated conditions. In addition to the above, the strong inhibitory effect of heat stress on Elk-1 activity suggests a module for the regulation of Elk-1 activity in cancer tissue. The hijacking of Elk-1 by the androgen receptor as well as the high Elk-1 expression levels in a number of cancer tissues has led to active research in the area of regulation of Elk-1 in several cancers (Nagalingam et al. 2014; Kawahara et al. 2015; Rosati et al. 2016; Liu et al. 2017; Ahmad et al. 2018 ). Relevant to the above is the usage of hyperthermia in combination with conventional therapy for cancer treatment which has shown promising results in the treatment of certain cancers (Baronzio et al. 2014 ).
p38 MAPK pathway-dependent SUMOylation of Elk-1 and phosphorylation of PIAS2 correlate with the...
